With the advent of additive manufacturing, fabrication of complex structures with high efficiency for energy absorption and blast and impact mitigation has entered a new era. In this research the role of the architecture and material properties on the static and dynamic energy absorption properties of additively-manufactured complex cellular structures out of two different materials were studied under puncture and crush tests. A finite element simulation of the unit cell was also conducted to study the effect of loading rate on the final response of the material where the results showed good agreement with the experimental observations. It is shown that the studied additively manufactured structures were able to recover their shape significantly after a major deformation due to the impact. These results show the potential of additive manufacturing as a versatile tool for creating structures with complex geometries for energy absorption.
Introduction
Novel energy absorbing materials cut across a large number of industries and applications such as defense, sporting, personal protective equipment, packaging and auto and aerospace industries, giving them a highly vital role in our daily life. An ideal energy absorbing material requires to be highly energy absorptive, however, it also needs to be stiff enough to be able to bear the collision. Nevertheless, the stiffness and energy absorption capabilities usually are not present in one material [1] [2] [3] [4] . This trade-off between high structural stiffness and damping, in fact, leads to a critical selection decision for engineers.
While a wide range of designs have been introduced for materials with high energy absorption efficiency [5] [6] [7] [8] [9] [10] , the limitations of the traditional manufacturing processes such as various casting methods, sheet metal working, and forging place an obstacle to their exploitation for the fabrication of those designs. Problems with the fabrication of structures with low-aspect ratios (i.e. structurers with small cross-sections and large heights such as thin walls), high tendency for defects (such as misruns, cold shuts, and shrinkage cavities in casting), as well as residual stresses in the finished products are just a few drawbacks that are associated with the use of traditional fabrication processes. These shortcomings need to be addressed before these methods can be applied for fabricating complex structures with high stiffness and damping capabilities such as cellular structures [11] [12] [13] [14] [15] [16] [17] [18] .
The advent of additive manufacturing (AM) processes spurred a revolution in the fabrication of energy absorbing materials as well as light-yet-strong structures [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . This technique surmounts some of the difficulties associated with traditional manufacturing processes and significantly reduces the waste of the raw materials [30] . The current generation of AM systems typically uses a limited range of materials which tends to restrict the functions of the printed structures, however, 3D printing can be coupled with post processing techniques such as electroless deposition [31] [32] [33] as well as electroplating [34] [35] [36] to expand the range of the materials. In these cases, the 3D printed structure acts as a scaffold for the final structure and can be removed or even stay for the final application. Despite the challenges ahead, a great progress has been made in the application of AM techniques in the field of energy absorbing materials and, in particular, cellular structures.
Cellular materials are known for their potential in dynamic energy absorption [37] [38] [39] [40] [41] [42] [43] [44] [45] . Metamaterials, a sub-class of cellular materials, with a periodic three-dimensional architecture, carefully engineered structure, and mechanical properties primarily dependent on their architecture rather than their constituent material, are in fact the most recent development in the ongoing quest for novel materials. They have shown their potential for blast protection [46, 47] and impact energy absorption applications [48] , while maintaining a relatively high stiffness and low density [49] [50] [51] . Additively-manufactured metamaterials with complex structures and micro scale components might revolutionize the conventional energy absorbing materials, not only due to their large densification strains and high strength to weight ratio, but also due to their shape recovery capabilities. This fascinating characteristic enables them to withstand several sequential impacts [52] and to provide protection without failing completely in contrast to their commonly used foams [42, [53] [54] [55] [56] or ductile metal counterparts which go through an irreversible plastic deformation to absorb energy [57] [58] [59] [60] [61] .
For a better prediction of the dynamic compressive responses of the cellular metamaterials, it is essential to probe the effects of major parameters that contribute to their energy absorption capability, such as strain rate, inertia effects, and material properties [37, [62] [63] [64] . In this research lattice structures with various relative densities were 3D printed and subjected to quasi-static at different strain rates as well as low-velocity dynamic loads, i.e. puncture and crush tests, at two different impact velocities to explore their impact response. Results show the relatively high specific energy absorption (energy absorbed per unit mass of crushed material) as well as shape recoverability of these structures that could be implemented in situations where the mitigation of multiple impacts is needed. The outcome of this research paves the way for implementing additively manufactured shape-recovering metamaterials for mitigating impact and also enhancing the understanding of the cellular material behavior under dynamic loads.
Experimental procedure

Material description
Various AM techniques have been reported previously for the fabrication of metamaterial structures [50] . In this work, the stretch-dominated structures with an octet-truss unit cell were designed in SolidWorks and 3D printed in an inverted stereolithography system (Form 2 Desktop SLA 3D Printer, Formlabs Inc., USA). Since the unit cell of the structure satisfies Maxwell's criterion for static determinacy, a periodic structure made of this unit cell is also stretching dominated. Each octet-truss unit cell was composed of connected rods with solid circular cross sections with a diameter of 500 μm. The overall dimensions of the structures were 40×40×40 mm, with eight-5 mm×5 mm×5 mm unit cells repeated along each edge, creating a cube. The macrolattice structures were fabricated by polymerizing two different types of UV-curable liquid photopolymers via a 405 nm wavelength UV laser, layer by layer. These two resins, commercially named Tough and Gray, have mechanical properties similar to ABS and PMMA, respectively. For more details on the fabrication method, the reader is referred to our recent report [50] .
Compression tests
An Instron 5969 dual column universal testing machine was used for the uniaxial strain rate-controlled compression tests with different strain rates ranging from 0.01 to 10 min ) and up to 70% strain according to ASTM D695.
Low-velocity drop-weight impact tests
The impact tests were conducted on the distal face of the specimens using a low-energy drop-weight impact tester (Instron CEAST 9350 Drop Tower Impact System) capable of delivering 0.59 to 757 J energy ( figure 1(a) ).
The impact forces were acquired by a 4.5 kN piezoelectric force sensor and transferred to a 4 MHz high speed data acquisition system (DAS64K) to record the impact force histories. The motion of the crosshead was controlled by a motorized positioning system equipped with a weighing system to measure the total weight of the falling mass and tup insert. The incident velocity of the tup insert (striker) at the impacted face was precisely tracked by two optical detectors (photoelectric cells). Hydraulic shock absorbers were used to decelerate the striker and attenuate the noise and vibrations generated by the impact. Due to their small dimensions, specimens were mounted on a custom-built wooden platform and securely clamped to an adjustable height stand to impede any further resistance caused by their lateral movements after the impacts, and to enhance the precision of the output data ( figure 1(b) ). Puncture and crush tests were carried out on the specimens to measure their resistance against dynamic loads using an instrumented tup insert equipped with interchangeable hemispherical steel head. Due to viscoelastic nature of the polymers, the puncture tests were performed according to ASTM D5628 test conditions (or equivalently D3763) using a 12.7 diameter tup and constant-mass technique. The crush tests were conducted using a 38.1 mm diameter tup according to ASTM D5628. The mass and velocity used in all the crush tests were selected to be 4.3 kg and 1.4 m s . To prevent damage to the 12.7 mm tup insert, a 19 mm diameter hole was drilled through the platform to allow for safe passage of the tup through the specimens and platform. The energy absorbed by the specimens can be calculated using the following dynamics equations:
Here, v t ( ) is the velocity of the dropped mass m as a function of time (t) with v i denoting the velocity at the beginning of the impact; g represents the gravity acceleration; t d ( ) is the displacement and i d is the initial displacement of the mass; F t ( ) symbolizes the measured impact force and E t ( ) denotes the absorbed energy.
3. Results and discussion
Material properties
The unit cell of the macrolattice structures and a representative of the 3D printed Tough specimen are illustrated in figures 2(a) and (b). To make comparisons with currently used lightweight materials such as foams and polymers, the relative densities of the fabricated specimens were calculated. This relative density is defined as the density ratio of the lattice structure to constituent polymer material. The densities of the constituent polymer for Tough and Gray polymer resins were calculated to be 1475 and 1092 kg m −3
, respectively. -values comparable to the aforementioned foams and flexible polymers, which have densities in the range of 20 to 120 kg m −3 [65] . Accordingly, the relative densities of the fabricated cellular structures were found to be in the range of 0.06 to 0.13. While the properties of the resins are provided by the manufacturer, a standard uniaxial-tensile test according to ASTM D638 was conducted on two dog bone specimens at a low rate of 5 mm min −1 to obtain the Young's modulus, ultimate strength, and necking strain. Figure 2 (c) shows the results of the tensile tests for the two resins where it is clear that the Gray specimen (E G =1.88 GPa), is almost four times stiffer than the Tough resin (E T =0.5 GPa). These values are comparable with those reported by the manufacturer. It is noted in the graph that despite the higher stiffness of the Gray resin, it is very brittle and does not allow plastic deformation: after yielding at around 38 MPa and 2.4% strain, it quickly reaches a maximum ultimate strength of ∼40 MPa at 3.3% strain and suddenly fractures at 4% strain with no significant stress drop observed. The Tough resin specimen yields at a much lower stress of 12 MPa and 1.2% strain but does not fracture until 17% strain (17.1 MPa fracture strength) making it approximately three folds tougher than the Gray resin. The Tough resin shows a smooth slope rather than a sudden failure which corresponds to a gradual strain-hardening behavior and a moderate plastic deformation before reaching fracture. Generally, the higher toughness of the Tough resin makes it more promising for applications that require energy absorption, recoverability and deformation. Figure 3 shows the compressive stress-strain curves for the Gray as well as the Tough 8×8×8 specimens under various strain rates. As can be seen, the strain rate is a crucial factor that significantly affects the stressstrain responses. For both samples, the loading rate-dependent Young's modulus, yield strength and in general higher stresses at higher velocities can be attributed to the strain-dependent (viscoelastic) material behavior of the constituent polymer material. For the Gray sample ( figure 4(a) ) and for the strain rates of 4 and 40 mm min −1 the nominal stress-strain curves under compression tests fall sharply after an initial peak.
Quasi-static testing
Localized sudden buckling of the members can be the main reason for the sharp drop in the stiffness. In addition, significant local stress rises especially close to connecting nodes with a high stress concentration, due to a higher strain rate, might result in the complete failure of the nodes (showing more brittle behavior) and a sudden drop in the global stiffness. This can also cause multiple drops in the stress-strain curve through the loading process as seen in figure 4(a) . As noted by Calladine and English, the structures that their load-deflection curves drop sharply after an initial 'peak' are much more 'velocity sensitive' as compared to the structures with 'flat-topped' load-deflection curves [63] . Tough sample shows a moderate drop at 40 mm min −1 strain rate and a fairly low drop at 4 mm min −1 with a more flat deflection curve. The drop in the stiffness here also can be attributed to the buckling of the members, however, in more uniform and global fashion as observed during the loading (see also [50] ). Moreover, fewer occurrence of local node failures are expected as evidenced by sample inspection after the test. It is also hypothesized that the inertia effect also contributes slightly to the different observed behaviors at different loading rates for both materials. According to Calladine and English, the inertia effects can change the collapse mode, and becomes more crucial in dynamic loadings for the structures that show softening as a result of buckling of the members with a sudden drop in their stress-strain graphs after an initial peak similar to what is seen here [62, 63] .
Puncture testing
The results of the puncture tests for the two specimens at two different velocities, 1 and 1. , the Tough specimen ( figure 4(a) ) was able to withstand up to ∼320 N of force and absorb 6 J of energy. The Gray specimens showed a significantly lower resistance to the impact event and failed quickly at a force of ∼55 N and absorbed a significantly smaller amount of energy of ∼1 J before failure. Since both structures have the identical geometry, the diverse behaviors are attributed to the differences in their constitutive materials. Comparing the toughness of the Tough and the gray samples under static loading (figure 2) one can expect these behaviors. Tough sample can undergo much larger deformation as compared to Gray sample while keeping its integrity, resulting in more energy adsorption. In the Tough sample with a higher ductility of the constituent material, initially, the cells become deformed and due to the densification, the impact force increases with time up to a peak value at ∼320 N, then drops suddenly to ∼290 N due to the failure of the top layers. Subsequently, a slightly more densification, causes a small increase in the value of the force but quickly after that, in the last stage, the impact force decreases gradually since the remaining of the cells are able to stop the puncture after a displacement of 16.1 mm into the sample. In contrast, the less ductile Gray resin shows a completely different behavior. Initially, with the densification of the cells, the force increases rapidly. However, when the top first layer (or few layers) of the cells fail, the force suddenly drops, and a new densification process happens, and the force again increases. This trend repeats until the remaining cells are not able to withstand the force and the structure fails and the puncture goes through.
While the constituent material toughness plays the dominant role in the material behavior under dynamic loads, it is worth mentioning that the higher energy absorption could to a lesser extent also be attributed to a higher constituent material density and its effect on dynamic deformation. Transient finite element-based computations performed by Pal et al highlighted the effect of constitutive (bulk) material density in dynamic events [64] where it was found that cellular structures constructed of materials of higher density exhibited increased micro-inertial resistance to deformation which led to strength enhancement. Here, an identical phenomenon was observed, where the higher density tough lattice (  1.3 tough gray r r = / ) was able to withstand a significantly greater load.
In the case of the dynamic puncture tests at higher velocities of 1.4 m s −1 ( figure 4(b) ), the same trend is observed, however, the peak impact force for both of the structures is higher, i.e. 360 N versus ∼320 N for the Tough structure and 160 N versus ∼55 N for the Gray structure. The Tough lattice again exhibited greater impact resistance and energy absorbance (∼360 N and 6.2 J, respectively) when compared to its Gray counterpart (∼160 N and 5.6 J). At the higher impact velocity, the material seems to show more resistance to the impact event, indicating the sensitivity to the striker velocity, as was predicted by Calladine and English [63] . Figure 4 (c) compares the structures after the puncture tests. Note that while the opening made in the Gray mesh can still be observed, the deformed region in the Tough specimen has recovered. It should be also noted that the hole in the Gray specimen decreased in diameter from the time of the initial test to the time this photo was taken. Figure 5 . While both of the lattice structures displayed almost similar behavior, the Tough specimen showed a significantly higher resistance to the impact event with a displacement of 17.2 mm in comparison to the 15.0 mm of displacement for the Gray resin. It should also be noticed that the Tough resin recovered its shape significantly after the deformation (supplementary videos 1 and 2 is available online at stacks.iop.org/MRX/6/045302/ mmedia), while the Gray resin absorbed a large portion of impact energy through a permanent plastic deformation and fracture ( figure 5(b) ) which again confirms the superiority of the tough resin over the Gray resin in impact performance. The peak energy (cumulative energy at the peak load) for the Tough lattice was recorded at 4.5 J, almost two times more than what was obtained for the Gray specimen. However, the total absorbed energy for the Gray specimen was slightly higher than that of the Tough specimen, 6.7 J compared to 6.2 J, respectively. Again, the higher peak force exhibit by the Tough structure is due to increased microinertial resistance, or greater resistance to the applied dynamic load, while the slightly higher total energy absorption exhibited by the Gray lattice could be due to increased permanent deformation. Also, since the indenter punched a hole in the Gray sample in contrast to the Tough sample, lateral friction between the indenter and the Gray specimen was increased and this can be one of the reasons that more energy was dissipated in the case of the Gray material compared to the Tough material.
Crush testing
Finite element simulation
To further study the effect of loading rate on the final response of the material we also developed the finite element model of the unit cell shown in figure 6(a) . The model was developed in COMSOL Multiphysics®, where we used tetrahedral mesh elements to discretize the model. A minimum mesh size of four elements were used for meshing the half-links while finer mesh was used at the joints. The time-dependent Multifrontal Massively Parallel Sparse Direct Solver (MUMPS) was utilized and large deformation formulation of the elasticity equations were solved. Two different cases were considered: (i) quasi-static loading neglecting the inertial terms, i.e. u 0 r = where u is the displacement; and (ii) dynamic loading taking into account the inertial forces. A viscoelastic Kelvin-Voigt model material was considered with a Young's modulus of 1.88 GPa, a Poisson's ratio of 0.25, a 40 ms relaxation time, and density of 1092 kg m −3 corresponding to the material properties of Gray sample. Periodic boundary conditions were considered for the circumferential half-link elements in the x and y directions. The bottom surface was fixed, and the top surface was allowed to move in the z-direction while the nodes have zero displacement in the x-and y-directions. The displacement boundary condition in the z-direction was set to follow a 4-th degree polynomial, equation (4) . This coefficients of this polynomial are determined to satisfy the following conditions: For the quasi-static case study, the term associated to the inertial (dynamic) loads has been neglected in the simulations of quasi-static loading. During the quasi-static loading, displacement u f is applied in multiple stages to avoid multiple stages to avoid numerical instabilities. To ensure accuracy and correctness of the results, mesh-dependence studies were performed, which indicated that the results were independent of the mesh size as long as we consider a minimum of four elements per thickness of half-links in the modeled unit cell.
The calculated von Mises stresses for the static and dynamic loading cases are shown in figures 6(b) and (c), respectively. As expected, the results indicate higher stresses for the sample under dynamic loading. The elastic energy stored in the material for the case under dynamic loading conditions is 6.1 kJ kg −1 that is 63% higher than the energy stored in the same material under quasi-static loading, i.e. 3.74 kJ kg
. These results agree well with the experimental findings. The maximum stress occurs at the joints and at the center of the surrounding elements, which is also in agreement with our experimental results, i.e. in both crush test and puncture test, the structures break mostly at these two locations (figure 7). The inner octahedral links are slightly deformed while the surrounding links show a 1st-order buckling mode.
Conclusion
With numerous potential applications across a broad range of industries, it is critical to explore novel energy absorbing materials. Capitalizing on the advancements in additive manufacturing technology allows for greater depth of research into complex cellular structures. Complex cellular lattice structures were designed and then manufactured via SLA printing technology, and their dynamic energy absorption properties characterized through impact testing. The Tough polymer structure showed significantly higher crushing impact event resistance as compared to the Gray polymer structure, with an observed peak energy absorption of 4.5 J when crushed and had full shape recovery following this test. In puncture testing, the Tough structure was able to absorb 6.2 J of energy, while still having recovery of shape. These tests confirm the capability of these complex lattice geometries to not only endure sequential impacts without complete failure, but also to absorb energy on a scale comparable to conventional energy absorbing materials. Additively manufactured lattice structures present potential solutions to the problem of impact absorbing materials which are not only capable of high energy absorption but are also stiff and more importantly are able to withstand repeated events. This research allows for further investigations of these structures to be designed more effectively to absorb greater multiple impacts.
acknowledge the funding from Louisiana EPSCoR-OIA-1541079 (NSF(2018)-CIMMSeed-18 and NSF(2018)-CIMMSeed-19), LEQSF(2015-18)-LaSPACE, and LONI supercomputing resources.
ORCID iDs
Keivan Davami https:/ /orcid.org/0000-0003-2123-8192
